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Abstract: In many second-rotation Pinus radiata forest planta¬ 
tions, there has been a steady trend towards wider tree spacing 
and an increased rate of application of P fertiliser. Under these 
regimes, the potential for understory growth is expected to in¬ 
crease through increased light and greater nutrient resources. 
Therefore, understory vegetation could become a more signifi¬ 
cant component of P cycling in P. radiata forests than under 
closely-spaced stands. Studies have shown that growth rates and 
survival of trees is reduced in the presence of understory vegeta¬ 
tion due to the competition of understory vegetation with trees. 
Other studies have suggested that understory vegetation might 
have beneficial effects on nutrient cycling and conservation 
within forest stands. This review discusses the significance of 
understory vegetation in radiata pine forest stands, especially 
their role in enhancing or reducing P availability to forest trees. 

Keywords: understory vegetation significance, phosphorus cy¬ 
cling, Pinus radiata forests 

Introduction 

Pinus radiata has been planted across a range of climatic and 
soil conditions on approximately 4.0 million hectares, with the 
largest plantations in Chile and New Zealand (about 1.5 million 
ha each), and Australia (0.77 million ha). P. radiata plantations 
are also found at moderate scales in Spain (0.29 million ha) and 
South Africa (57 000 ha) and at smaller scales in several other 
countries (Manley and Maclaren 2009; Afif-Khouri et al. 2010; 
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Watt et al. 2010), in which almost 80% of plantations are grown 
primarily for wood production (Evans 2009). Recently, in P. 
radiata forest plantations of several countries, there has been a 
steady trend towards wider tree spacing with lower initial stock¬ 
ing of P. radiata and also an increased rate of application of 
phosphorus (P) fertiliser (Payn et al. 2000; Burkes et al. 2003). 
The reasons for wider tree spacing are availability of bet¬ 
ter-quality nursery stock and improved establishment practices 
(MacLaren 1993). These silvicultural practices are expected to 
increase the potential for understory growth due to increased 
light and greater nutrient resources (Gadgil et al. 1988; Brocker- 
hoff et al. 2008). Under wider-spaced trees, understory vegeta¬ 
tion could become a more significant component of P cycling in 
P. radiata forests than under closely-spaced stands, especially 
before canopy closure. 

Understory vegetation frequently causes harmful effects due to 
competition (antagonisms). However, interactions between some 
understory species and P. radiata have been shown to provide 
beneficial effects to the tree (Richardson et al. 1996; 2006; Mead 
2010). Richardson et al. (1996) demonstrated a positive interac¬ 
tion between P radiata and understory vegetation on P uptake by 
P. radiata in a field study. He reported that some species of grass, 
herbaceous broadleaves and buddleia significantly increased P 
concentration in needles of 3-year-old radiata pine trees, while 
broom, gorse, lotus and pampas had no effect on needle P con¬ 
centration. 

Phosphorus is an important nutrient in the radiata pine forest 
plantations, for example in New Zealand, Australia, and Spain, 
as most of the soils are P deficient or marginally deficient 
(Hunter et al. 1991; Payn et al. 1998; 2000; Ouro et al. 2001; 
Snowdon 2002; Zas and Serrada 2003; Romanya and Vallejo 
2004; Mead 2005a; Zabowski et al. 2007; May et al. 2009). 
However, most of the information available on the P fertiliser 
requirements of radiata pine was obtained from trials on first 
rotation forests that were managed under silvicultural regimes 
which were quite different from those in use today. Nowadays, 
radiata pine forests in these countries are mostly planted with 
wider tree spacing and lower initial stocking of trees compared to 
those prior to the 1990s. As noted earlier, such forest regimes 
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have the potential for increased understory growth with a greater 
influence on the tree response to P fertiliser than has been the 
case in the past. 

In this paper I review literature on the significance of under¬ 
story vegetation in radiata pine forest plantations, especially the 
role of the understory in enhancing or reducing P availability to 
forest trees. 

Growth rate of P. radiata and understory vegetation 

Growth rate of P. radiata 

The above-ground biomass of P. radiata has been reported to 
increase at a slow rate from 1 to 3 years of age, followed by fast¬ 
er growth from 3 to 12 years and again at a slow rate from the 
age of canopy closure at around 13 years to 29 years (Madgwick 
et al. 1977; Knight 1978; Madgwick 1985; Madgwick and Oliver 
1985; Madgwick et al. 1988; Bi et al. 2010) (Fig. 1). An average 
production rate of 15 t-ha‘ 1 -a‘ 1 for above-ground biomass of P. 
radiata from 2 to 22 years of age at a final-crop stocking rate of 
540 stems ha" 1 was reported by Madgwick et al. (1977) for first 
rotation plantations on pumice soils at Kaingaroa forest, central 
North Island, New Zealand. Madgwick and Oliver (1985) esti¬ 
mated annual above-ground biomass production of first rotation 
P. radiata stands on pumice soils at the Long Mile area of Roto¬ 
rua, New Zealand, from 5 to 13 years of age at 35.9 t-ha‘ 1 -a" 1 . 
The growth rate at the Long Mile area was approximately twice 
that at Kaingaroa forest because of the higher final-crop stocking 
rate in the forest at Long Mile (5190 stems-ha" 1 ) compared to that 
at Kaingaroa forest (540 stem-ha' 1 ). 



Stand age (years) 

Fig. 1 : The above-ground biomass of P. radiata with increasing age (1 
year, Knight 1978; 2 to 4 years, Madgwick et al. 1977; Madgwick 1985; 
5 to 13 years, Madgwick and Oliver 1985; Madgwick et al. 1988; 17 to 
29 years, Madgwick et al. 1977; Madgwick 1985; Bi et al. 2010). Note 
that the data for different age groups are taken from sites with different 
agroecological conditions 

Growth rate of understory vegetation 

Understory biomass productivity in forest stands varies widely 
with tree species and age. Forrest and Ovington (1970) measured 
the above-ground biomass of understory species (native grasses, 
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bracken and broadleaved plants) under P. radiata stands with 
increasing age of the stands on a sandy loam soil at Billapaloola 
plantation, Tumut, New South Wales, Australia (Fig. 2). They 
reported that following canopy closure (the ninth year) grasses 
were completely absent and were replaced by bracken. Their 
results showed that during the third and fifth year after planting 
of P. radiata the understory biomass ranged from 46% to 82% of 
total above-ground forest biomass. This percentage declined 
sharply beyond 5 to 8 years to 1.6-3.4% because of increased 
growth of P. radiata and decreased growth of understory vegeta¬ 
tion (Fig. 2). 



Fig. 2 : Above-ground biomass of understorey vegetation and P. radiata 
with increasing stand age (adapted from Forrest and Ovington 1970) 

Meanwhile, Long and Turner (1975) who worked in Douglas 
fir stands also reported that the above-ground biomass of under¬ 
story decreased with increasing age of the stands. The understory 
biomass (8 t-ha" 1 ) in younger stands (22-30 years) in this study 
was a significant fraction (12%) of the total above-ground forest 
biomass (65 t-ha" 1 ) compared with the understory biomass in 
older stands (3%) (3 and 211 t-ha" 1 for understory vegetation and 
total biomass, respectively, when the trees were 73 years old). In 
Eucalyptus diversicolor stands, Grove and Malajczuk (1984) 
reported that understory vegetation represented approximately 
50% of the above-ground biomass in 8- and 11-year-old stands, 
but 10% of biomass in the 4- and 36-year-old stands. The impor¬ 
tant component of understory vegetation in these stands was the 
legume Bossiaea laidwiana, which constituted 57% of the total 
understory biomass in the 8-year-old stand. 

The above-ground understory biomass at Kaweka (allophanic 
soil) and Kinleith forests (pumice soil) in New Zealand under 4 
to 5-year-old second rotation P. radiata was 8.4 and 12.2 t-ha" 1 , 
respectively (A. Rivaie unpublished data). The above-ground 
biomass of P. radiata was not measured in these forests. How¬ 
ever, Beets and Pollock (1987) reported that the above-ground 
biomass of 4-year old P. radiata was 23.6 t-ha" 1 on a pumice soil 
at Puruki forest, New Zealand. Using these data the 
above-ground understory biomass at Kaweka and Kinleith for¬ 
ests can be estimated as 26% and 38 % of the total above-ground 
biomass, respectively. 

All the studies reviewed above showed that the understory 
biomass under conifers up to the age of canopy closure is a sig¬ 
nificant component of the total above-ground biomass, and in 
some cases it can exceed the conifer biomass. 
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Phosphorus forms and its cycle in P. radiata forests 

Phosphorus is a major essential nutrient that often controls plant 
growth and development in agricultural and forest ecosystems 
(Vance et al. 2003; Radersma and Grierson 2004). In soils, P is 
supplied by parent material, branch/litterfall and fertiliser input. 
Phosphorus supply to the plant is dependent on the total amount 
of P in the soil, as well on the forms in which it exists (Khanna 
and Ulrich, 1984). 

Phosphorus fonns 

Soil P can be partitioned into two broad categories: inorganic 
(Al, Fe, and Ca-P) and organic P forms. The dynamics of P 
transformations in soils are controlled by chemical and biological 
processes (Khanna and Ulrich 1984; Condron and Newman 
2011). Phosphorus from the soil solution is taken up by plants 
directly either as the primary orthophosphate ion, H 1 PO 4 ", or the 
secondary orthophosphate ion, HP0 4 ~ (Anderson 1980; Magid et 
al. 1996; Morgan et al. 2005). 

In acid soils, inorganic P reacts with free Fe and Al to form 
insoluble precipitates (Haynes 1984). In addition, P is adsorbed 
onto the variably charged surfaces of oxides and hydrous oxides 
of iron and aluminium, and clay minerals (Syers et al. 1971; 
Hinsinger 2001). In calcareous soils, P usually accumulates as 
Ca bound P (Hedley et al. 1982; Tiessen et al. 1983). 

In forest stands, labile organic P (P 0 ) fractions have been re¬ 
ported to be an important source for tree P nutrition (Turner and 
Lambert 1985, 1986; Adams et al. 1989; Parfitt et al. 1994; Con¬ 
dron et al. 2005). The concentration of P 0 in the soil is controlled 
by the processes of immobilisation and mineralisation. In New 
Zealand, it has been reported that P 0 in the topsoil (0-10 cm) 
under conifer stands ranged from 25% to 63% of total P (Davis 
and Lang 1991; Condron et al. 1996; Chen et al. 2000). Ortho¬ 
phosphate monoesters (accounting for 24-64% of the total P and 
80-97% of the total organic P) were the predominant species of 
organic P in a soil under P. radiata, followed by much smaller 
quantities of orthophosphate diesters (<19% of organic P) and 
traces of phosphonates (Condron et al. 1996; Chen et al. 2004). 

Phosphorus turnover through microbial biomass and P Q miner¬ 
alisation are important biological mechanisms that influence P; 
release into the soil solution (Tarafdar and Claassen 1988; 
Frossard et al. 2000). In forest soils the release of P; from P„ 
during decomposition of soil organic matter on the forest floor is 
an essential process in maintaining P supply. Biological and 
biochemical processes are involved in P Q mineralisation. The 
demand for energy of the soil microbial population facilitates 
mineralisation of P Q associated with soil C as a consequence of 
biological C mineralisation, whereas P-esters (independent of the 
main bulk of organic matter) are biochemically mineralised by 
extracellular enzymes, such as phosphatases (McGill and Cole 
1981; Magid et al. 1996). These biological and biochemical pro¬ 
cesses take place predominantly in the rhizosphere soil where the 
microbial activity is higher than in the bulk soil. In addition, 
other biological mechanisms can influence the availability of P 


in soil, such as root-induced pH changes and release of organic 
anions, and the development of specialised root structures (Bo¬ 
wen and Rovira 1991; Junk et al. 1993; Toal et al. 2000; Chen et 
al. 2002 ). 

Phosphorus cycle 

The P status of a young undeveloped virgin soil is dependent 
primarily on the P content of the parent material, consisting of 
predominantly apatite, with some iron and aluminium phos¬ 
phates in acid soils (Norrish and Rosser 1983). This primary P is 
weathered through the action of climate and vegetation to give 
secondary inorganic mineral P and inorganic P in soil solution. 
The inorganic P in soil solution is taken up by plants and soil 
microbes, or sorbed to become iron and aluminium phosphate 
minerals in acidic soils and calcium phosphate in calcareous soils 
(Adams and Walker 1975; Walker and Syers 1976; Crews et al. 
1995; Condron and Newman 2011) (Fig. 3). 

In P. radiata plantations in New Zealand, values of 
plant-available P measured by Bray-2 P soil test in the topsoil 
( 0-10 cm depth) varies widely, ranging from 1.0 pg-g " 1 (a podzol 
soil of Auckland) to 46.5 pg-g " 1 (a pumice soil of Rotorua) 
(Skinner et al. 1991) and total P ranges from 466 to 1300 pg-g ' 1 
soil (Hunter and Hunter 1991). 

Phosphorus in soil solution is taken up by the tree, understory 
vegetation and soil microorganisms, or leached below the root 
zone. The P taken up by the tree is distributed into the various 
plant components depending on their requirements (Fig. 3). 

Small amounts of P taken up by the tree are returned to the 
soil through litterfall/branchfall (3.4 kg P ha -1 a' 1 ) (Will 1959) 
and from thinning/pruning or logging (40-55 kg P ha" 1 ) (Will 
1968). In addition, a portion of the P taken up by the understory 
vegetation is returned to the soil as litterfall or after weed control 
prior to planting and post-planting, or after canopy closure (1-4 
kg-ha" 1 ) (Parfitt et al. 1994). Some P is removed from the cycle 
in the main stem during production thinning or logging (33 kg P 
ha" 1 ) (Will 1968). 

After decomposition, the litter from radiata trees and under¬ 
story vegetation releases P to soil solution. Meanwhile, P also 
enters the cycle through P fertiliser application, a routine silvi¬ 
cultural operation in commercial forests managed intensively for 
high production (Fig. 3). Fertilisers are commonly applied during 
planting (15 g P per seedling; 100 kg P ha' 1 ) and prior to canopy 
closure (100 to 110 kg P ha" 1 ), when the tree canopy is develop¬ 
ing (Will 1968; Madgwick et al. 1977; Mead and Gadgil 1978; 
Ballard 1980; Skinner and Payn 1993). Canopy closure occurs at 
4 to 7 years, depending mainly on the stocking rate (Skinner and 
Payn 1993). 

Phosphorus content of above-ground biomass 

In P. radiata plantations, P can exist in trees and in understory 
vegetation. The relative proportion of P in the trees and under¬ 
story vegetation depends mainly on the age and spacing of the 
trees. 
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P. radiata biomass P content 

The total P content of the above-ground tree biomass increases 
from 1 to 13 years of age. The rate of increase is greater in early 


years (2-6 years) than in later years (7-13 years) (Madgwick et 
al. 1977; Knight 1978; Madgwick 1985; Madgwick and Oliver 
1985; Madgwick et al. 1988) (Fig. 4). The increasing P content 
of the tree is mainly due to increasing dry matter content of the 
tree (Madgwick et al. 1977) (Fig. 1). 


Partition ing 



Cones/pollen 
Needles 
Branch 
_ Stem 
Root 





























Journal of Forestry Research (2014) 25(3): 489-500 


493 



Stand age (years) 

Fig. 4: The total P content of P. radiata with increasing stand age (1 
year, Knight 1978; 2 to 4 years, Madgwick et al. 1977; Madgwick 1985; 
5 to 13 years, Madgwick and Oliver 1985; Madgwick et al. 1988; 17 to 
29 years, Madgwick et al. 1977; Madgwick 1985). Note that the data for 
different age groups are taken from sites with different agroecological 
conditions. 

Will (1968) estimated that P. radiata stands on a pumice soil 
in Kaingaroa forest, on the central North Island of New Zealand, 
removed approximately 41 kg P ha' 1 from the soil during the first 
10 years of growth. After this phase, during the next 25 years, 
the amount of P taken up by the trees was only 11 kg-ha' 1 . This 
led Will (1968) to suggest that the largest demand for P by the 
trees occurs prior to canopy closure. 

The P uptake pattern of P. radiata trees from the time of 
planting was also reported by Madgwick et al. (1977). They re¬ 
ported that during the first 2 years after establishment the net 
annual P uptake of intensively managed P. radiata plantations on 
a good site in the northeastern comer of the Kaingaroa forest was 
relatively low (1.5 kg-ha^-a' 1 ), while between the second and 
fourth years after establishment the net annual P uptake was 
much higher (7.9 kg-ha' 1 -a' 1 ). They also reported that between 
the second and fourth years, the stand was rapidly closing its 
canopy. Therefore, the net annual P uptake decreases towards the 
end of this phase due to a steady-state nutrient cycle developing 
under closed canopy conditions. Madgwick et al. (1988) sug¬ 
gested that at around 6 years of age, the maximum mean annual 
increment of P was attained. Thereafter, needle production de¬ 
creased with stand age (from 7 years), and this decrease reduced 
the annual gross uptake of nutrients. Madgwick et al. (1977) also 
reported that in young stands, total P content increased at a rela¬ 
tively higher rate than the total biomass. 

The relative quantities of P in the various components of the 
above-ground P. radiata trees changes with increasing age of the 
trees. Smith et al. (1994) studied the distribution of P in various 
components of above-ground 5-year-old second-rotation P. ra¬ 
diata trees on sand dunes in the Woodhill forest on the west 
coast of the North Island, New Zealand, where P was not limit¬ 
ing tree growth (needle P 0.14%). They reported that the largest 
percentage of P (50.7%) within the aboveground components of 
the tree was in the foliage. 


Frederick et al. (1985) also studied the distribution of P in 
various components of 8-year-old first-rotation P. radiata trees 
grown on a pumice soil at Poukani North Block in the central 
North Island of New Zealand when P supply was not limiting 
growth. They also showed that the largest percentage (47.9%) 
of P within the above-ground biomass of the tree was in the foli¬ 
age. This is because the P concentration in the foliage is higher 
than in other tree components, even though the foliage is only the 
third largest component of tree biomass after stem wood and 
branches. The second largest portion of P (22.9%) was in the 
stem wood, as this component had the highest dry matter weight. 
Branches constitute a considerable portion (16.7%) of total P 
within the tree as well. 

Madgwick et al. (1988) obtained similar results to Frederick et 
al. (1985) for P partitioning within the aboveground components 
of 8-year-old first-rotation P. radiata trees. They reported that 
the largest percentage (40%) of P was in the foliage. The next 
largest portion of P (25%) was in the stem wood, while the third 
largest portion (19.1%) of the P was in the branches. However, 
unlike in the 5-year-old trees studied by Smith et al. (1994), in 
the 8-year-old trees studied by Frederick et al. (1985) and 
Madgwick et al. (1988), the second largest percentage of P was 
in the stem wood (23-25%). This is probably because in the 
older trees (8-year old trees) the stem wood would have had a 
relatively higher dry matter weight than that in the 5-year-old 
trees. In the much older trees, stem wood appears to contain the 
largest P content in the above-ground tree biomass. Webber and 
Madgwick (1983) reported that the above-ground biomass P 
content of a 29-year-old P. radiata stand in Kaingaroa State 
Forest, which contained 426 tonnes dry matter per hectare, was 
66.3 kg-ha' 1 . Of this, 20 kg-ha' 1 (30.1%) was in the foliage, 9.5 
kg-ha' 1 (14.3%) was in the branches, 5.5 kg-ha' 1 (8.3%) was in 
the cones, 7.4 kg-ha' 1 (11.1%) was in the stem bark, and 24 
kg-ha' 1 (36.1%) was in the stem wood. These results show that 
approximately half the above ground P (47.2%) is removed from 
the ecosystem through stem harvest. 

Under wider-spaced second-rotation P. radiata plantations, 
understory vegetation might also become a factor influencing P 
uptake. Richardson et al. (1996) reported that the presence of 
understory vegetation increased or decreased P concentration in 
the needles of P. radiata, depending on the species beneath the 
trees. Therefore, the weed species might have differentially af¬ 
fected the distribution of P within the trees, although Richardson 
et al. (1996) did not report on this aspect. In addition to tree age 
and spacing, soil P fertility influences the amount of P taken up 
by the tree. For example, Parfitt et al. (1994) reported that P 
uptake rates of 7-year-old closely-spaced P. radiata treated with 
4 and 125 kg P ha' 1 were 3.5 and 5.1 kg-ha‘ I -a‘ I , respectively. In 
older trees, the P uptake rates of 11-year-old P. radiata treated 
with 25 and 100 kg P ha' 1 were 6.0 and 8.1 kg-ha’ l -a’ 1 , respec¬ 
tively. 
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Understory biomass P content 

The importance of understory P in P. radiata plantations de¬ 
pends on a number of factors, including tree age and spacing. 
Parfitt et al. (1994) estimated that the P content of understory 
vegetation under an 11-year-old radiata pine plantation on a Te 
Kopuru sand at Shenstone forest. South Island, New Zealand was 
1 kg-ha" 1 , whereas the P content of P. radiata was 27 kg-ha" 1 , and 
the total P content of the ecosystem pools (understory, pine tree 
and 0-15 cm soil depth containing LFH horizons) was 162 kg P 
ha' 1 . Therefore, the P content of the understory was only 3.6% of 
the P content in the above-ground biomass and 0.6% of the P 
content in the ecosystem pool. From the study of Parfitt et al. 
(1994), it appears that the understory vegetation does not sig¬ 
nificantly contribute to P cycling in the forest plantation when 
trees are 11 years old. However, from the biomass data during 
the first 3-8 years of tree growth, it appears that the P content of 
understory vegetation could well be a significant proportion of 
the total above-ground P content, but no data on the relative P 
contents of the understory vegetation and P. radiata trees for the 
first few years of tree growth are available in the literature. 

In second-rotation P. radiata forest plantations in New Zea¬ 
land there has recently been a steady trend towards wider tree 
spacing and increased rates of P fertiliser application (Payn et al. 
2000; Mead 2005a; Zabowski et al. 2007). These changes in 
silvicultural practice are expected to increase the potential for 
understory growth due to increased light and greater nutrient 
resources (Gadgil et al. 1988; Brockerhoff et al. 2008). In such 
conditions, understory vegetation would become a more signifi¬ 
cant component of P cycling in P. radiata forests than under 
closely-spaced stands, especially prior to canopy closure. For 
example, the P content of understory vegetation under a 
4-year-old second-rotation P. radiata stand on an allophanic soil 
at Kaweka forest ranged from 3.4 to 7.8 kg-ha" 1 (at the stocking 
rate of 1000 stems-ha" 1 ) (A. Rivaie unpublished data) and the P 
content in the 4-year-old P. radiata was 16.5 kg-ha" 1 (Madgwick 
1985). Therefore, the P content of understory as a percentage of 
the total P content in above-ground biomass was 17% to 32%. 
These percentages are much higher than the 3.6% reported for 
understory under an 11-year-old radiata pine stand (at the stock¬ 
ing rate of 1600 stems-ha' 1 ) by Parfitt et al. (1994) and Hunter 
and Graham (1983). 

The role of understory vegetation in nutrient cycling 

Understory vegetation control by the application of herbicides is 
common in the establishment of P. radiata plantations in New 
Zealand and this usually results in a considerable increase in tree 
growth (Richardson et al. 1993; 1996; Wagner et al. 2006; Mead 
2005b; Rubilar et al. 2008). This practice is recommended be¬ 
cause many studies have shown that growth rates and survival of 
trees is reduced in the presence of understory vegetation. This is 
probably due to the competition of understory vegetation with P. 
radiata for water, nutrients and light (Nambiar and Zed 1980; 
Gadgil et al. 1992; Clinton et al. 1994; Richardson et al. 1996; 
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Mason and Milne 1999; Watt et al. 2003ab; Rubilar et al. 2008; 
Mead 2010). 

On the other hand, several studies have suggested that under¬ 
story vegetation enhances nutrient cycling and conservation 
within forest stands, depending on the type of understory species 
(Tappeiner and Aim 1975; Zou et al. 1995; Condron et al. 1996; 
Bao et al. 1996; O’Connell and Grove 1996; Binkley et al. 2000; 
Jiang and Zhai 2000; Richardson et al. 1996; 2006; Mead 2010; 
Rivaie 2011). 

Nitrogen supply by understory legumes 

Leguminous understory vegetation may have a significant role in 
supplying N to forest ecosystems. Watt et al. (2003b) suggested 
that the presence of broom ( Cytisus scoparius L.), a leguminous 
understory, under P. radiata may enhance long-tenn growth of 
the tree on wet sites through N released from the death of the 
broom after radiata canopy closure. In a dry site he found that 
broom competed for soil N with radiata trees. 

Binkley et al. (1984) studied the effects of Sitka alder ( Alnus 
sinuata (Regel) Rydb.), a leguminous shrubby species, in a 
23-year-old Douglas-fir stand in a gravely clay loam Typic Hap- 
lorthod, in British Columbia, Canada. They reported that when 
Sitka alder was present in the forest, the above-ground ecosystem 
biomass was 55% greater than when it was absent. The 
above-ground biomass of Sitka alder was 21% of the total 
aboveground ecosystem biomass. In the presence of Sitka alder, 
total aboveground biomass and stem biomass of Douglas-fir 
were higher than those in the absence of the Sitka alder (by 20% 
and 30%, respectively). The needle N concentration of the 
Douglas-fir stand in the presence of Sitka alder was significantly 
higher than that in the absence of this understory. The total N 
content in the aboveground biomass and forest floor was 558 
kg-ha" 1 in the presence of Sitka alder and 208 kg-ha' 1 in its ab¬ 
sence. Of these quantities of total N, the N content in the above¬ 
ground biomass of Douglas-fir was 155 kg-ha" 1 in the presence of 
this understory and 129 kg ha" 1 in the absence of this understory. 

Klemmedson (1994) reported that the presence of New Mexi¬ 
can locust (Robinia neomexicana Gray), an N-fixing spiny shrub 
under ponderosa pine (P. ponderosa Douglas), significantly in¬ 
creased N concentration (0.314% for pine-locust stands and 
0.173% for pine-alone stands) in the upper soil layer (0-5 cm) 
under the pines, as well as pine needle N concentration (1.07% 
for pine-locust stands vs 0.90% for pine-alone stands) in a forest 
on montmorillonitic Typic Agriborolls at the Coconino National 
Forest, Arizona, USA. 

Nutrient storage and release by understory 

The nutrient contents in the understory litterfall may make a 
significant contribution to the total nutrient pool in the forest 
soil. Binkley et al. (1984) reported that in the presence of Sitka 
alder under Douglas-fir for over 23 years, total litterfall dry mat¬ 
ter weight (litter from Douglas-fir + Sitka alder) was 3.6 times 
higher and the nutrient contents (N, P, K, Ca, and Mg) in the 
litterfall were 3 to 7 times higher than when Sitka alder was ab- 
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sent. In addition, the available N, P, Ca, and Mg concentrations 
in the top 10 cm soil depth were significantly increased by the 
presence of the Sitka alder. 

Similarly, Tappeiner and Aim (1975) reported that the pres¬ 
ence of understory vegetation significantly increased Ca, N, K, 
Mg and P contents in the litterfall, compared with litterfall under 
pure red pine stands. Based on these results, they suggested that 
the understory vegetation accumulates, stores and releases nutri¬ 
ents. The understory litterfall also increased the total organic 
matter content in the litter layer of the forest. However, the rate 
of decomposition of this organic matter was faster in the pres¬ 
ence of understory vegetation, especially hazel and herbs ( Aster 
macrophyllum L., Pteridium aquilinum, Maianthenum cana- 
dense Desf., Diervilla lonicera Mill., Arctostaphylos uva-ursi 
(L.) Spreng.) compared to under red pine stands without under¬ 
story vegetation. This suggests that the presence of certain un¬ 
derstory species in forest stands might increase the tree growth 
through their role in accelerating nutrient cycling and enhancing 
the availability of nutrients in forest ecosystems. Maclean and 
Wein (1977) reported that understory species in a 13-16-year P. 
banksiana stand had significant quantities of nutrients in the 
above-ground biomass. They found that the understory species 
had 25% of the N and Ca, 30% of P, 40% of the Mg, and more 
than 65% of the K in the aboveground ecosystem. 

Understory vegetation effect on P availability to tree crops 

Plants may influence the chemical and biological properties 
within their rhizosphere, and in this way they may enhance the 
soil P availability and the P uptake of neighbouring plant species. 
Several mechanisms have been suggested for this increased soil 
P availability (Binkley et al. 1984; Horst et al. 2001; Li et al. 
2003ab; Trolove et al. 2003; Zhang et al. 2004) and these are 
discussed below. 

Binkley et al. (1984) reported that the presence of Sitka alder 
in Douglas fir forest significantly increased Bray-1 P concentra¬ 
tion (21 pg-g' 1 ) in the topsoil (0-10 cm) compared with that in 
the absence of this understory (8 pg-g' 1 ). They considered this 
increase in Bray-1 P concentration to be related to the significant 
increase in P input through litterfall biomass in the presence of 
Sitka alder. 

Sarno et al. (2004) reported that the presence of Paspalum 
conjugatum (introduced-understory) or native understory species 
(Chromolaena odorata, Clibadium surinamense, Clidemia hirta, 
Imperata cylindrica, Melcistomci affine, Mikania micrantha, and 
P. conjugatum) in a coffee plantation in a vertic dystrudept at 
Lampung, Indonesia, increased available P compared with 
available P in the absence of these understory species in both the 
0-10 cm (13.3 pg-g' 1 soil for understory-free plots, 14.9 pg-g' 1 
soil for plots with P. conjugatum plots, and 32.5 pg-g' 1 soil for 
plots with native understory) and the 10-20 cm soil depths (3.9 
pg-g' 1 soil, 6.6 pg-g' 1 soil, and 10.8 pg-g' 1 soil, respectively). In 
another study in Indonesia, Salam et al. (2001) reported that in a 
coffee plantation, soil phosphatase activities in bulk soils in the 
plots with P. conjugatum and with native understory (135 and 
158 pgp-nitrophenol-g '-h' 1 , respectively) were higher than those 
in the plots without understory (108 pg />-nitrophenol-g‘ 1 -h' 1 ). In 


rhizosphere soils, the phosphatase activity difference between 
these plots might have been even higher (Trolove et al. 2003) but 
this was not measured in this study. Total P uptakes by the trees 
in plots with and without understory species were also not re¬ 
ported in these studies. 

Many reports suggest that N-fixing plant species facilitated 
their neighbours by increasing soil P availability. Giardina et al. 
(1995) studied the effect of red alder (Alnus rubra Bong), an 
N-fixing understory species, in a 21-year old Douglas fir ( Pseu - 
dotsuga menziesii (Mirb.) Franco) plantation on soil phosphate 
chemistry in a deep gravely clay loam soil at Oregon, USA. They 
reported that the soils (0-15 cm) under red alder + Douglas fir 
had significantly higher concentrations of anion resin-Pj, 
NaOH-Pj, and HC1-P; (65-225% greater) than those under pure 
Douglas fir. The soil phosphatase activity under red alder + 
Douglas fir (29 pmol p-nitrophenol-g’ 1 -!!' 1 ) was also higher than 
that under pure Douglas fir (10 pmol p-nitrophenol- g' 1 -h" 1 ). They 
explained the increased P; availability (resin-Pj) under red alder + 
Douglas fir as partly due to the increased soil phosphatase activ¬ 
ity converting P„ to Pj in the soils. 

Under a 63-year old mixed-conifer (Douglas fir, western 
hemlock, and Sitka spruce) plantation with red alder understory 
on a mesic andic haplumbrept at the Cascade Head Experimental 
Forest, Oregon, USA, Zou et al. (1995) reported that labile inor¬ 
ganic P pools (resin- and NaHC 03 -extractable Pj) in the soil 
under red alder + mixed conifers were three to fourfold higher 
than those under red alder or mixed conifers. They also reported 
that the mixed conifer stand had the highest soil pH (5.3), but the 
net P solubilisation rate under this stand (9 mg-kg‘ I -d' 1 ) was 
similar to that under the red alder (12 mg-kg'^d' 1 ), while the red 
alder + mixed conifers had the lowest pH (4.8) and the highest 
net P solubilisation rate (51 mg-kg' 1 -d’ 1 ). Soil phosphatase activ¬ 
ity under the red alder + mixed conifer stand was also higher 
than in the pure mixed conifer stand and red alder. These obser¬ 
vations led Zou et al. (1995) to suggest that the interaction be¬ 
tween red alder and conifers was the cause for the increase in the 
labile soil P pool. 

Further evidence of the role of understory vegetation in en¬ 
hancing P uptake by trees was provided by Gillespie and Pope 
(1989). They reported that when walnut ( Juglans nigra L.) tree 
seedlings were interplanted with alfalfa ( Medicago sativa L.) 
grown in pots containing typic argiaquoll soils treated with syn¬ 
thetic hydroxyapatite (a calcium phosphate mineral), the tree 
seedlings had greater P uptake compared to walnut seedlings 
grown alone. They considered that the diffusion of solubilised 
phosphate rock-P to the roots of walnut at the points of root in¬ 
tersection with alfalfa was the mechanism for the greater P up¬ 
take by walnut seedlings. This was caused by H + ions diffusing 
from the roots of alfalfa and decreasing pH, thereby, solubilising 
the rock phosphate. 

Others have demonstrated the facilitation of P uptake in inter¬ 
cropping systems where legumes were cultivated with other crop 
species. For example, white lupin ( Lupinus albus L.) facilitated P 
uptake by wheat when they were grown together in the field 
(Gardner and Boundy 1983). In a pot experiment, Li et al. 
(2003b) showed that chickpea helped wheat to take up P from an 
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organic P source. They suggested that chickpea hydrolysed or¬ 
ganic P by the phosphatase released from its roots, thereby, con¬ 
tributing to the P uptake by wheat. 

Understory vegetation effect on P availability to P. radiata 

Only limited information is available on the effect of understory 
vegetation on soil P dynamics and P nutrition of P radiata trees. 
After 3-4 years of growing P. radiata with various understory 
species in a moderately fertile pumice soil in the field at Rotorua, 
New Zealand (Richardson et al. 1993), some species of grass, 
herbaceous broadleaves and buddleia significantly increased P 
concentrations in the P. radiata needles (synergism), but broom, 
gorse, lotus and pampas had no significant effect on needle P 
concentrations (Richardson et al. 1996). However, the effect of 
these plant species on P concentrations in other parts of the tree, 
total P uptake by the tree from the soil, or soil P changes due to 
these understory species were not reported in their study. The 
mechanism by which the understory species influenced the P 
nutrition of the tree was also not reported. 

Scott and Condron (2004) conducted a pot experiment in a 
glasshouse to study the effects of understory species on P. ra¬ 
diata growth, P uptake and soil P changes in four soils, namely a 
low P, low C soil (320 pg P g" 1 ; 2.5% C), a low P, high C soil 
(524 pg P g 1 ; 5.1% C), a high P, low C soil (721 pg P g 1 ; 2.4% 
C), and a high P, high C soil (768 pg P g' 1 ; 4.0% C). The under¬ 
story species tested were lucerne and ryegrass. The experimental 
treatments included P. radiata trees grown alone, trees and lu¬ 
cerne grown together, trees and ryegrass grown together, lucerne 
grown alone, and ryegrass grown alone. Lucerne had a positive 
effect on tree growth and P uptake across all four soils regardless 
of Pj and P 0 availability. In addition, lucerne appeared to facili¬ 
tate redistribution of P from the less labile to the more labile 
fraction. This study also confirmed that interactions between 
plant species and soil P and C status strongly affected changes in 
soil P forms (Scott and Condron 2010). These are interesting 
findings and help to explain the observation above by Richard¬ 
son et al. (1996) of the beneficial effects of some understory 
species on P nutrition of P. radiata. 

Field trials were carried out to investigate the growth of sec¬ 
ond-rotation P. radiata and determine the relationships between 
needle P concentrations and soil P forms two years after applica¬ 
tion of two forms of P fertilizer (triple superphosphate and 
Ben-Guerir phosphate rock in combination with two weed con¬ 
trol practices. In the highly P-deficient Kaweka forest soil the 
presence of understory reduced resin-Pj and Olsen P concentra¬ 
tions, but in the moderate P fertility Kinleith forest soil the pres¬ 
ence of understory increased Bray-2 P, resin-Pj, and Olsen P 
concentrations in the soil. The deeper rooted understory species 
at the Kinleith forest (Himalayan honeysuckle, buddleia and 
some toetoe) may have enhanced the plant-available P concen¬ 
trations at the soil surface through litterfall (pumping mechanism) 
(synergistic effect). Whereas at the Kaweka forest where the soil 
plant-available P was low, the understory vegetation (bracken 
fern and some manuka) tended to compete with radiata pine for P 
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(antagonistic effect) (Rivaie and Tillman 2009; Rivaie and Lo- 
ganathan 2010). 

Rivaie (2004) conducted a glasshouse trial to detennine 
changes in soil P fractions in a P-deficient allophanic soil under P 
radiata seedlings grown with broom ( Cytisus scoparius L.) and 
ryegrass ( Lolium multiflorum) following the application of three 
rates of triple superphosphate (TSP). When P. radiata was grown 
with broom, at all P rates the acid phosphatase activity in the 
rhizosphere of P. radiata was higher than in the bulk soil and the 
rhizosphere soil of P radiata grown with ryegrass. In addition, 
Rivaie and Tillman (2010) reported that without addition of P 
fertiliser and when broom was grown with P radiata, the P con¬ 
centration in needles of radiata was higher than that of radiata 
pine when grown with ryegrass. However, when P fertiliser was 
added (50 and 100 pg P g-1 soil) broom had an antagonistic ef¬ 
fect on P. radiata. The P. radiata needle P concentration was 
lower when P. radiata was grown with broom than that when P. 
radiata was grown with ryegrass. Meanwhile, in the high P fer¬ 
tile soil (application rate of 100 pg P g 4 soil), the dry matter 
yield of radiata was lower when it was grown with broom than 
when it was grown with ryegrass, suggesting that in moderate to 
high P fertile soils, P radiata seedlings grow better with ryegrass 
than with broom as in the high P fertility soil broom grows ro¬ 
bustly. These results lead to clearer understanding of the interac¬ 
tion of P fertiliser, particular understory vegetation and P. radiata. 
including how understory vegetation alters the availability of P to 
the trees under different soil P status. 

Conclusions 

This review of literature has revealed that the above-ground un¬ 
derstory biomass is a significant proportion of the total above¬ 
ground biomass in P. radiata forests during the first 5-10 years 
of growth. During this period, competition for nutrients, includ¬ 
ing P, and for light and water is possible depending on tree age, 
site P fertility, climate, understory species and their populations. 
It is also possible that the presence of understory vegetation un¬ 
der P. radiata plantations has synergistic effects on tree growth 
and nutrition. 

As a significant proportion of total above-ground biomass in 
the forest, therefore, the understory vegetation can have an im¬ 
portant effect on P uptake by P. radiata trees, both before and 
after canopy closure. Before canopy closure, understory vegeta¬ 
tion can have either antagonistic or synergistic effects on P up¬ 
take by P. radiata, depending on the understory species, soil 
moisture regime, site P fertility status, and other factors. How¬ 
ever, after canopy closure, the understory vegetation dies and the 
decay of this vegetation may release P for uptake by P. radiata, 
thus supporting P. radiata growth. If the understory vegetation in 
the plantations competes with P. radiata for soil P (antagonistic 
effect), higher rates of P fertiliser need to be applied to the for¬ 
ests or the understory vegetation needs to be controlled by ap¬ 
plying costly herbicides. On the other hand, if the understory 
vegetation increases P availability to P. radiata, then the P re- 
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quirements of P. radiatci might be sustained with lower rates of P 
fertiliser application. 
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